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BACKGROUND OF THE INVENTnON 

Field of the Invention 

The present invention relates to techniques for predicting instructions in a data 
processing apparatus, and in particular concerns such prediction in a data processing 
5 apparatus that supports multiple instruction sets. 
Description of the Prior Art 

A data processing apparatus will typically include a processor core for executing 
instructions. Typically, a prefetch unit will be provided for prefetching instructions from 
memory that are required by the processor core, with the aim of ensuring that the 

1 0 processor core has a steady stream of instructions to execute, thereby aiming to maximise 
the performance of the processor core. 

To assist the prefetch unit in its task of retrieving instructions for the processor 
core, prediction logic is often provided for predicting which instruction should be 
prefetched by the prefetch unit. The prediction logic is useful since instruction sequences 

15 are often not stored in memory one after another, since software execution often involves 
changes in instruction flow that cause the processor core to move between different 
sections of code depending on the task being executed. 

An example of a change in instruction flow that can occur when executing 
software is a "branch", which results in the instruction flow jumping to a particular 

20 section of code as specified by the branch. Accordingly, the prediction logic can take the 
form of a branch prediction unit which is provided to predict whether a branch will be 
taken. If the branch prediction unit predicts that a branch will be taken, then it instructs 
the prefetch unit to retrieve the instruction that is specified by the branch, and clearly if 
the branch prediction is accurate, this will serve to increase the performance of the 

25 processor core since it will not need to stop its execution flow whilst that instruction is 
retrieved from memory. Typically, a record will be kept of the address of the instruction 
that would be required if the prediction made by the branch prediction logic was wrong, 
such that if the processor core subsequently determines that die prediction was wrong, 
the prefetch unit can then retrieve the required instruction. 

30 When a data processor apparatus supports execution of more than one instruction 

set, this can often increase the complexity of the work to be performed by the prefetch 



P012691US 



2 



unit and/or prediction logic. For example, US-A-6,088,793 describes a microprocessor 
which is capable of executing both RISC type instructions and CISC type instructions. 
The RISC type instructions are executed directly by a RISC execution engine, and the 
CISC type instructions are first translated by a CISC front end into RISC type 
instructions for execution by the RISC execution engine. To facilitate higher speed 
operation when executing either RISC type instructions or CISC type instructions, both 
the CISC front end and the RISC execution engine include branch prediction units, 
which operate independent of one another. Further, CISC type instructions are converted 
into RISC type instructions in such a manner that mispredicted branches are easily 
identified by Uie branch behaviour of the resulting converted RISC type instructions. 

Whilst US-A-6,088,793 teaches the use of separate branch prediction units to 
maintain efficient prediction and hence increase microprocessor performance when 
supporting more than one instruction set, such an approach may not always be the most 
appropriate. For example, in US-A-6,02 1,489, a technique is described for sharing a 
branch prediction unit in a microprocessor implementing a two instruction set 
architecture. This patent describes the use of a microprocessor that integrates both a 64 
bit instruction architecture (Intel Architecture 64, or IA-64) and a 32 bit instruction 
architecture (Intel Architecture 32, or IA-32) on a single chip. However, with the aim of 
reducing the area of the chip, a shared branch prediction unit is provided which is 
coupled to separate instruction fetch units provided for each architecture. 

Whilst the above patents illustrate that it is possible to predict changes in 
instruction flow, for example branch predictions, in a data processing apparatus that 
supports multiple instruction sets, the problem that still exists is how to efficiently switch 
between liie multiple instmction sets. Accordingly, it is an object of tiie present 
urvention to provide a technique which provides for efficient switching between 
inslxuction sets within a data processing apparatus that has a processor core for executing 
instructions from multiple instruction sets. 
Summary of the Invention 

Viewed from a first aspect, the present invention provides a data processing 
apparatus, comprising: a processor core for executing mstmctions from any of a plurality 
of instruction sets; a prefetch unit for prefetching instructions from a memory prior to 
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sending those instructions to the processor core for execution; prediction logic for 
predicting which instructions should be prefetched by the prefetch unit, the prediction 
logic being arranged to review a prefetched instruction to predict whether execution of 
that prefetched instruction will cause a change in instruction flow, and if so to indicate to 
the prefetch unit an address within said memory from which a next instruction should be 
retrieved; the prediction logic further being arranged to predict whether the prefetched 
instruction will additionally cause a change in instruction set, and if so to cause an 
instruction set identification signal to be generated for sending to the processor core to 
indicate the instruction set to which said next instruction belongs. 

The data processing apparatus of the present invention has a processor core for 
executing instinctions from multiple instruction sets, a prefetch unit for prefetching 
instructions to be sent to the processor core, and prediction logic for predicting whether 
execution of a prefetched instruction will cause a change in instruction flow. Further, in 
accordance with the present invention, the prediction logic is ftirther arranged to predict 
whether the prefetched instruction will additionally cause a change in instruction set, and 
if so to cause an instruction set identification signal to be generated for sending to the 
processor core to indicate the instruction set to which the next instruction belongs. This 
instruction set identification signal generated by the prediction logic enables the 
processor core to efficientiy switch between instruction sets. 

Hence, in accordance with the present invention, the prediction logic is not only 
being used to predict changes in instruction flow, but additionally is being used to predict 
changes in instruction set, thereby further improving the eflSciency of llie data processing 
apparatus. 

In preferred embodiments, the prediction logic is arranged to detect the presence 
of an instruction of a first type which when executed will cause a change in instruction 
set if execution also results in said change in instruction flow. With instructions of the 
first type, if the prediction logic predicts that execution will result in a change in 
insfruction flow, a change in instruction set wiU automatically occur, and accordingly in 
such situations the prediction logic is arranged to set the mstruction set identification 
signal to indicate to the processor core the instruction set to be used for the next 
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instruction (i.e. liie instruction specified by the prediction logic to the prefetch unit as a 
result of analysing the instruction of the fnst type). 

It will be appreciated that the instructions of the first type may be arranged to 
conditionally or unconditionally cause the change in instruction flow. However, in one 
5 embodiment of the present invention, execution of said instruction of the first type will 
unconditionally cause said change in instruction flow, and the address within said 
memory from which said next instruction should be retrieved is specified within the 

O instruction. Accordingly, in such embodiments, the prediction logic is arranged to 

13 

identify an instruction of liie first type, and will then automatically predict the change in 
Sjf 10 instruction flow and the change in instruction set as a result of identification of such an 
H instruction. Again, the instruction set identification sigjaal will be set accordingly so as to 

m 

a indicate to the processor core the instruction set to which the next instruction belongs. 

In some embodiments, it has been found that the prediction logic can 
ji significantly improve the efficiency of switching between instruction sets when it is 

Q 15 arranged solely to detect the presence of instructions of the first type (with or without 
" " detection of other instructions which might cause changes in instruction flow, but which 

would not cause changes in instruction set). However, in other embodiments of the 
present invention, the prediction logic may be arranged to detect the presence of an 
instruction of a second type which when executed can cause said change in instruction 
20 flow, and where data identifying the instruction set following said change m instruction 
flow is specified by the instruction. With instructions of the second type, a change in 
instruction set will not automatically take place if there is a change in instruction flow, 
but instead the instruction set applicable following the change in instruction flow is 
specified by the instruction itself It will be appreciated tiiat the prediction logic may be 
25 arranged to detect instructions of the second type in addition to, or instead of, instructions 
of the first fype. 

Since with instructions of the second type, a change in instruction set will not 
automatically result from the change in instruction flow, it will be appreciated that the 
prediction logic will need to perform further checks before it can predict whether the 
30 instruction of the second type will additionally cause a change in instruction set, and 
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hence before the prediction logic can set the instruction set identification signal 
appropriately. 

In preferred embodiments, the instruction of the second type specifies a register 
which contains said data identifying the instruction set following said change in 
5 instruction flow. Accordingly, if the prediction logic predicts that the instruction of the 
second type will cause a change in instruction flow, it will access the register in order to 
determine the instruction set following the change in instruction flow, and will then set 
the instruction set identification signal accordingly. 

Further, in preferred embodiments, said register also contains an indication of the 
10 address within said memory firom which a next instruction should be retrieved assuming 
the change in instruction flow takes place. Accordingly, if the prediction logic predicts 
that execution of the instruction of the second type will cause a change in instruction 
flow, it will retrieve from the register the address information, and provide that address 
information to the prefetch unit to enable the prefetch unit to retrieve as the next 
1 5 instruction the instruction specified by that address. 

As with instructions of the first type, it will be appreciated that the instructions of 
the second type may be arranged to conditionally or unconditionally cause the change in 
instruction flow. However, in preferred embodiments, the inshuctions of the second type 
are such that the change in instruction flow occurs only if predetermined conditions are 
20 determined to exist at the time that the instruction of said second type is executed. In 
preferred embodiments, those predetermined conditions are specified within the 
instruction, and accordingly the prediction logic is arranged to predict whether those 
predetermined conditions will exist at the time that the instruction is executed by the 
processor core. 

25 As mentioned earlier, changes in instruction flow can occur for a variety of 

reasons. However, one common reason for a change in instruction flow is the occurrence 
of a branch, and hence in preferred embodiments the prediction logic is a branch 
prediction logic, and the change in instruction flow results from execution of a branch 
instruction. 

30 One way of operating the data processing apparatus uivolves each instruction 

prefetched by the prefetch unit being passed to the processor core for execution. 
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However, with the aim of further increasing the performance of the processor core, some 
embodiments of the present invention can be arranged to selectively not forward 
instructions onto tiie processor core. More particularly, in certain embodiments, if the 
prediction logic predicts that execution of said prefetched instruction will cause said 
5 change in instruction flow, said prefetched instruction is not passed by the prefetch unit 
to the processor core for execution. Hence, if the main aim of the prefetched instruction 
is to cause a change in instruction flow, and the prediction logic has predicted that that 
change in instruction flow will result from execution of the prefetched instruction, a 
decision can be made not to forward that prefetched instruction onto the processor core 

10 for execution, such an approach being known as "folding" the instruction. When such 
folding occurs, then in preferred embodiments of the present invention, the prediction 
logic will pass on the appropriate address to the prefetch unit, to ensure that the prefetch 
unit retrieves as the next instruction the instruction required as a result of the change of 
instruction flow, and in addition the prediction logic will set the instruction set 

15 identification signal appropriately to ensure that the processor core is aware of the 
instruction set to which that next instruction belongs. 

If the change in instruction flow specified by the prefetched instruction is 
unconditional, then it is clear that the above steps are typically all that is required. 
However, if the change in instruction flow is conditional, for example being dependent 

20 on predetermined conditions existing at the time that the prefetched instruction is 
executed, then in preferred embodiments a condition signal is sent to the processor core 
for reference by the processor core when executing said next instruction, the processor 
core being arranged, if said predetermined conditions are determined by the processor 
core not to exist, to stop execution of said next instruction, and to issue a mispredict 

25 signal to the prefetch unit. By this approach, the processor core can determine whether 
the predetermined conditions exist prior to it executing the next instruction as retrieved 
by the prefetch unit, and if those conditions are determined not to exist, it can issue a 
mispredict signal to the prefetch unit to enable the prefetch unit to then retrieve tihe 
appropriate instruction to enable the processor core to continue execution. 

30 As mentioned earlier, in preferred embodiments, the prediction logic is a branch 

prediction logic and the prefetched instruction is a branch instruction. If the branch 
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instruction is of a type which specifies a sub-routine which when completed will cause 
the instruction flow to return to the instruction sequentially following the branch 
instruction, then in preferred embodiments the prediction logic is arranged to output a 
write signal to the processor core to cause the processor core to store an address identifier 
5 which can subsequently be used to retrieve said instruction sequentially following the 
branch instruction. This ensures correct operation of the data processing apparatus 
following completion of the sub-routine specified by the branch instruction. 

It will be appreciated by those skilled in the art that the prediction logic may be 
provided as a separate unit to the prefetch unit. However, in preferred embodiments, the 

10 prediction logic is contained within the prefetch unit, which leads to a particularly 
efficient implementation. 

Viewed from a second aspect, the present invention provides prediction logic for 
a prefetch unit of a data processing apparatus, the data processing apparatus having a 
processor core for executing instructions from any of a plurality of instruction sets, and 

1 5 said prefetch unit being arranged to prefetch instructions from a memory prior to sending 
those instructions to the processor core for execution, said prediction logic being 
arranged to predict which instructions should be prefetched by the prefetch unit, and 
comprising: review logic for reviewing a prefetched instruction to predict whether 
execution of that prefetched instruction will cause a change in instruction flow, and if so 

20 to indicate to the prefetch unit an address within said memory from which a next 
instruction should be retrieved; and instruction set review logic for predicting whether 
the prefetched instruction will additionally cause a change in instruction set, and if so to 
cause an instruction set identification signal to be generated for sending to the processor 
core to indicate the instruction set to which said next instruction belongs. 

25 Viewed from a third aspect, tiie present invention provides a method of 

predicting which instructions should be prefetched by a prefetch unit of a data processing 
apparatus, the data processing apparatus having a processor core for executing 
instructions from any of a plurality of instruction sets, and said prefetch unit being 
arranged to prefetch insfructions from a memory prior to sending those instructions to the 

30 processor core for execution, the method comprising the steps of: (a) reviewing a 
prefetched instruction to predict whether execution of that prefetched instruction will 
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cause a change in instruction flow, and if so indicating to the prefetch unit an address 
within said memory from which a next instruction should be retrieved; and (b) predicting 
whether the prefetched instruction will additionally cause a change in instruction set, and 
if so causing an instruction set identification signal to be generated for sending to the 
5 processor core to indicate the instruction set to which said next instruction belongs. 
Brief Description of the Drawings 

The present invention will be described further, by way of example only, with 
reference to preferred embodiments thereof as illustrated in the accompanying drawings, 
in which: 

10 Figure 1 is a block diagram of a data processing apparatus in accordance with an 

embodiment of the present invention; 

Figure 2 is a flow diagram of the process performed by the prediction logic of 

Figure 1; and 

Figures 3 A to 3F are diagrams illustrating the form of branch instructions used in 

1 5 embodiments of the present invention which can result in a change in instruction set. 
Description of Preferred Embodiments 

Figure 1 is a block diagram of a data processing apparatus in accordance with an 
embodiment of the present invention. In accordance with this embodiment, the processor 
core 30 of the data processing apparatus is able to process instructions from two 

20 instruction sets. The first instruction set will be referred to hereafter as the ARM 
instruction set, M^lst the second instruction set will be referred to hereafter as the 
Thumb instruction set. Typically, ARM instructions are 32-bits in length, whilst Thumb 
instructions are 16-bits in length, hi accordance with preferred embodiments of the 
present invention, the processor core 30 is provided with a separate ARM decoder 200 

25 and a separate Thumb decoder 190, which are both then coupled to a single execution 
pipeline 240 via a multiplexer 270. 

When the data processing apparatus is initialised, for example following a reset, 
an address will typically be output by the execution pipeline 240 over path 15, where it 
will be input to a multiplexer 40 of a prefetch unit 20. As will be discussed in more 

30 detail later, multiplexer 40 is also arranged to receive inputs over paths 25 and 35 from a 
recovery address register 50 and a program counter register 60, respectively. However, 
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the multiplexer 40 is arranged whenever an address is provided by the processor core 30 
over path 15 to output that address to the memory 10 in preference to the inputs received 
over paths 25 or 35. This will result in the memory 10 retrieving the instruction specified 
by the address provided by the processor core, and then outputting that instruction to the 
5 instruction buffer 100 over path 12. 

Within the prefetch unit 20, prediction logic 90 is provided to assist the prefetch 
unit 20 in deciding what subsequent instructions to retrieve for the processor core 30. In 
preferred embodiments, the prediction logic 90 is a branch prediction logic which is 
arranged to determine the presence of branch instructions received by the instruction 

10 bujBfer 100 over path 12 from the memory 10, and to predict whether the branches 
specified by those branch instructions will or will not be taken by the processor core. 

In preferred embodiments, the prediction logic knows whether any particular 
instruction in the instruction buffer 100 is an ARM or a Thumb instruction, since as will 
be discussed in more detail later, this information is provided in a corresponding entry of 

1 5 the T-bit register 110, the T-bit register preferably having an entry for each insttuction in 
the instruction buffer. 

For each instruction received in the instruction buffer 100, the prediction logic 90 
will perform some branch prediction schemes applicable to either an ARM or a Thumb 
instruction, dependent on which type of instruction the corresponding entry in the T-bit 

20 register identifies tiie instruction as. As will be appreciated by those skilled in tiie art, 
many branch prediction schemes exist, and accordingly wiE not be discussed in fiirther 
detail herein. 

As a result of the prediction performed by the prediction logic, the prediction 
logic will output a predict signal over path 75 to multiplexer 80, indicatmg whether the 

25 prediction logic has determined the presence of a branch instruction and is predicting that 
the branch will be taken. If tiie prediction logic has determined the presence of a branch 
instruction, and has predicted that the branch will be taken, then it will also issue over 
path 85 to the multiplexer 80 a t^get address for the next mstruction, this target address 
typically being specified by the branch instruction, and being the destmation address for 

30 the branch. 
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The multiplexer 80 will also receive at its other input the output of an 
incrementer 70 over path 65, the incrementer 70 in turn receiving at its input the address 
as ou^ut by the multiplexer 40 to the memory 10. The incrementer 70 is arranged to 
take the address provided to it over path 45, apply an increment value to that address, and 
5 output the incremented address over path 65 to the multiplexer 80. It should be noted 
that in preferred embodiments the incrementation applied by the incrementer 70 is 
dependent on whether the instruction specified by the received address is an ARM 
instruction or a Thumb instruction. For an ARM instruction, the address is incremented 
by four in preferred embodiments, whilst for a Thumb instruction the address is 

1 0 incremented by two. As will be discussed in more detail later, the prediction logic 90 of 
preferred embodiments is arranged to issue a signal indicating the instruction set 
applicable to the next instruction to be prefetched, and this signal is passed over path 55 
to the incrementer 70 to enable the incrementer to apply the appropriate incrementation 
to the address received over path 45. 

15 The multiplexer 80 is arranged such that if the predict signal received by the 

multiplexer 80 over path 75 indicates that the prediction logic has predicted that a branch 
will be taken, that multiplexer will output to the program counter register 60 the target 
address received over patii 85 from the prediction logic 90. In all other situations, the 
multiplexer 80 will output to the program counter register 60 tihe incremented address as 

20 received over path 65. 

Accordingly, it will be appreciated that the program counter register 60 then 
records the address of the next instruction that should be retrieved by the prefetch vmit 20 
from the memory 10, and accordingly multiplexer 40 is arranged to output tiiat address to 
the memory 10, which results in that next instruction being returned to the instinction 

25 buffer 100 of the prefetch unit 20 over path 12. 

Returning now to the prediction logic 90, in accordance with preferred 
embodiments of the present invention this logic is arranged not only to predict whether a 
branch instruction will be taken, but also to predict whether the instruction set will 
change as a result of that branch instruction. In preferred embodiments, the instruction 

30 set will only change as a result of execution of an instruction that causes a change in 
instruction flow, typically a branch instruction. Accordingly, if the prediction logic 90 
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predicts that a branch will be taken, it is furtitier arranged to predict whether that branch 
will result in a change in instruction set, and to issue an instruction set identification 
signal indicative of that prediction. In preferred embodiments, this instruction set 
identification signal is referred to as a Thumb bit (or T bit) signal which is output to T bit 
5 register 1 10, and also passed over path 55 to the incrementer 70 as discussed earlier. 

In preferred embodiments, the prediction logic is arranged to issue a T bit signal 
each time it performs a prediction on an instruction from the instruction buffer, the value 

r- 

f ' of this T-bit signal being associated with the next instruction prefetched as a result of the 

^' prediction performed by the prediction logic 90. Hence, when the next instruction is 

p 10 prefetched, and enters the instruction buffer, the prediction logic will know from the 

corresponding T-bit in the T-bit register which instruction set that instruction belongs to. 
J As mentioned above, the T-bit signal may only change in preferred embodiments as a 

™ result of an instruction that causes a change in instruction flow. Hence, considering the 

prediction logic 90 of preferred embodiments, which predicts whether branches will be 
i 15 taken, the T-bit signal will only be changed if the prediction logic predicts that a branch 

will be taken, and then only if it forther predicts that the taking of that branch will result 
in a change in instruction set. 

In preferred embodiments, the T bit signal will be set to a logic one value if the 
prediction logic 90 predicts that the next instruction is a Thumb instruction, and will be 
20 set to a logic zero value if the prediction logic 90 predicts that the next instruction will be 
an ARM instruction. Accordingly, as each instruction is output from the instruction 
buffer 100 to the processor core 30 over path 95, a corresponding T bit signal is output 
from the T bit register 110 over path 105 to the processor core 30. Botii the instruction 
and the T bit signal are input into the decode and execute unit 180 of the processor core 
25 30. 

The instruction and the T bit signal are input to a first AND gate 210 whose 
output is then connected to the Thumb decoder 190. Accordingly, if the T bit signal is 
set to a logic one value to indicate that the instruction is a Thumb instruction, this will 
result in the instruction being output by the AND gate 210 to the Thumb decoder 190. 
30 The instruction and an inverted version of the T bit signal (as inverted by inverter 230) is 
also passed to a second AND gate 220, which provides at its output an input to the ARM 
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decoder 200. Accordingly, if the T bit signal is set to a logic one value to indicate that 
the instruction is a Thumb instruction, this will result ki the instruction not being passed 
on by the AND gate 220 to the ARM decoder 200. Conversely, it can be seen that if the 
T bit signal is set to a logic zero value to indicate that the instruction is an ARM 
5 instruction, tihis will result in the instruction being passed to the ARM decoder 200 via 
AND gate 220, and not being passed to the Thumb decoder 190 via AND gate 210. The 
use of the AND gates 210, 220 enable power savings to be achieved, since tiie unused 
decoder is not changing logic levels unnecessarily. 

The outputs from both decoders 190, 200 are input to a multiplexer 270, which is 

10 arranged to pass on tiie appropriate decoded instruction to the execution pipeline 240. 
Preferably, the drive signal for tiie multiplexer is derived from the T bit signal, thereby 
enabling an automatic selection of the appropriate decoded instruction for routing to the 
execution pipeline 240. During execution of the instruction, tiie execution pipeline 240 
may retrieve data from, and/or store data to, the register bank 130 within the processor 

15 core 30. In addition, it is possible that the mstruction executed by the execute pipelme 
240 may result in a "calculated branch" being required, in which event the execute 
pipeline 240 will issue the address for the next mstruction required over path 15 to the 
prefetch unit 20, wiiere that address will then be input to the multiplexer 40. It should be 
noted that such instructions that will result in a calculated branch are not branch 

20 instructions, and accordingly are not predicted by the prediction logic 90 of preferred 
embodiments. However, it will be appreciated that the prediction logic 90 could if 
desired be adapted to predict calculated branches, but this would increase the complexity 
of the prediction logic. 

When such a calculated branch is determined by the execute pipeline 240, it is 

25 necessary for the processor core and prefetch unit to be flushed of all instructions already 
within the prefetch unit and processor core to ensure that the next instruction executed is 
the one specified by the address issued over path 15. The signals required to perform this 
flush will be issued by the execute pipeline 240 to the relevant components of the 
prefetch unit and the processor core, for example, the instruction buffer 100, the Thumb 

30 decoder 1 90, the ARM decoder 200, and the earlier stages of the execution pipeline 240. 
For clarity in the drawings, these various signal lines have not been included. 
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However, in the absence of an address signal on path 15 from the processor core 
30, the prefetch unit 20 will continue to prefetch instructions dependent on the value of 
the program counter stored within the program counter register 60, and thus the 
instructions retrieved into the instruction buffer 100 will be in a sequence which takes 
5 account of any branch predictions predicted by the prediction logic 90. 

For the system to work efficiently, it is expected that the prediction logic 90 will 
correctly predict branches most of the time. However, occasionally the processor core 30 
may determine when executing the instruction sequence output from the instruction 
buffer 100 that a prediction made by the prediction logic 90 was in fact incorrect, and in 

1 0 such instances steps need to be taken to correct this error. 

In preferred embodiments, if the execute pipeline 240 determines that a 
prediction made by the prediction logic 90 was incorrect, it will issue a mispredict signal 
over path 155 to the prefetch unit 20 to cause the prefetch unit to flush any instructions 
already within the instruction buffer, and to retrieve as its next instruction the instruction 

15 specified by the address in the recovery address register 50. The execute pipeline 240 
will also issue appropriate signals internally within the processor core 30 to flush any 
instructions that are aheady in the Thumb or ARM decoders 190, 200, and earlier 
pipeline stages of the execute pipeline 240. 

The address that is stored within the recovery address register 50 is determined as 

20 follows. The register 50 is arranged to receive the output from a multiplexer (not shown 
in Figure 1) that, like multiplexer 80, is arranged to receive the target address output by 
the prediction logic 90 over path 85 and the incremented address output by the 
incrementer 70 over path 65. However, the multiplexer associated with the recovery 
address register 50 is arranged to receive an inverse of the predict signal output over path 

25 75 from the prediction logic. Hence, it can be seen tiiat if tiie prediction logic 90 predicts 
a branch, then tiie value output by the incrementer 70 is stored in the recovery address 
register 50, whilst if the prediction logic predicts that a branch will not be taken, the 
target address of the branch is stored in the recovery address register 50. Hence, in the 
event that the prediction was incorrect, the recovery address register 50 will store the 

30 correct address for the next instruction required by the processor core 30, and accordingly 
the multiplexer 40 will be arranged in the event of the mispredict signal 155 to output 
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that recovery address to the memory 10, to cause the appropriate instruction to be 
retrieved into the instruction buffer 100 for passing into the decode and execute unit 180 
of the processor core 30. 

Each address output by the multiplexer 40 to the memory 10 is also routed to the 
5 program counter buffer 120 within the prefetch unit. As each instruciion is output by the 
instruction bviffer 100 over path 95 to the processor core 30, the corresponding program 
counter value is output jfrom the program counter buffer 120 over path 115 to the 
processor core 30. This value is then passed through a sequence of registers 250, 260 
within the processor core, so that the relevant program counter value is available to the 

1 0 decoders 1 90, 200 and the execution pipeline 240 as and when required. 

In one embodiment of the present invention, all instructions retrieved into the 
instruction buffer 100 are passed to the processor core 30 for execution. However, in 
certain embodiments, with the aim of increasing performance of the processor core, 
branch iostructions are removed from tiie instruction buffer 100 once detected by the 

1 5 prediction logic 90, 

Branch instructions may broadly speaking fall into two categories, namely 
unconditional branch instructions and conditional branch instructions. For unconditional 
branch instructions, provided tiie prediction logic 90 can accurately determine the 
presence of such unconditional branch instructions, there should be no requirement for 

20 the processor core to actually execute that branch instruction, since the branch will occur. 
Accordingly, in preferred embodiments, such unconditional branch instructions are 
removed from the instruction sequence in the instruction bviffer 100, such a process being 
referred to as "folding". 

Further, in one embodiment of the present invention, conditional branch 

25 instructions can also be folded, but in this instance the prediction logic 90 is arranged to 
output to the processor core 30 the relevant conditional information pertaining to that 
branch. This conditional information forming part of the folded instruction is output as a 
phantom signal to a register 160 of the processor core 30 over path 135 at the same time 
that the next instruction specified by the target address of the branch instruction is output 

30 to the processor core 30 over path 95, along with the relevant T bit signal identifying the 
instruction set pertaining to that instruction as calculated by the prediction logic 90. This 
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conditional information is passed through a sequence of registers 160, 170 for reference 
by the various elements of the decode and execute unit 1 80 as and when required, hi 
particular, when the instruction resulting from the branch reaches the execute pipeline 
240, the execute pipeline 240 is arranged to review that conditional information to 
5 determine whether the conditions specified by that conditional information do in fact 
exist. If those conditions do exist, then the execute pipeline proceeds with execution of 
that next instruction, whereas if the conditions do not exist, the execute pipeline 240 will 
issue a mispredict signal over path 155, which results in the processing described earlier. 
Certain branch mstructions can specify a sub-routine which when completed will 

10 cause the instruction flow to return to the instruction sequentially following the branch 
instruction. For such branch inshtictions, if tiiey are to be folded, it is clearly important 
to keep a record of the address of the instruction that shovdd be returned to following 
completion of the sub-routine. In preferred embodiments, this address is stored in 
register R14 of the register bank 130, and accordingly if such a branch instruction is 

15 folded, the prediction logic 90 is arranged to issue a phantom "R14 write" signal over 
path 125 to a register 140 within the processor core 30. This address value is passed 
through a sequence of registers 140, 150, and assuming the branch is determined to have 
been correctiy predicted, will result in the register R14 being updated with the relevant 
address by the decode and execute unit 180. 

20 An important aspect of preferred embodiments of tiie present invention is that the 

prediction logic 90 not only predicts the likelihood that a branch instruction will be taken, 
but also predicts whether the taking of that branch will result in a change in instruction 
set, with the T bit signal then being set to indicate the predicted instruction set. By 
passing this T bit signal to the processor core 30 along with the relevant instruction from 

25 the instruction buffer 1 00, an automatic selection can be made of the appropriate decoded 
instruction for routing to the execution pipeline 240, significantly increasing the 
efficiency of the processor core by automatically invoking the instruction set change 
within the decode and execute unit 180. More details of the process performed by the 
prediction logic 90 will now be described in more detail with reference to Figure 2. 

30 At step 300, the prediction logic waits for a new instruction to be received into 

the instruction buffer 100, and tiien proceeds to step 310, where it is determined 
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whether prediction is turned on or off. Assiraiing prediction is required, the process 
then proceeds to step 330, where it is determined whether prefetch abort is set. As will 
be appreciated by those skilled in the art, prefetch abort is used by systems that have an 
Memory Management Unit (MMU) and use virtual memory that can be mapped in or 
5 out. If the processor core branches to an area of memory that is mapped out then it 
receives a prefetch abort from the MMU. The abort routine then maps the correct area 
of memory in and returns to the same instruction. In such embodiments, it is important 
not to do branch predictions on the (potentially) random data returned from the 
memory if the MMU indicates a prefetch abort, since the data may look like a branch. 

10 Hence, if either the prediction is turned off, or the prefetch abort is set, the process 
branches to step 320, where no prediction is performed. 

However, assuming that the prefetch abort is determined not to be set, then the 
process proceeds to step 340 where it is determined whether the received instruction is an 
ARM instruction. This is readily determinable by reference to the corresponding T-bit 

1 5 stored in T-bit register 110. 

If it is determined at step 340 that the instruction is an ARM instruction, then the 
process proceeds to step 350, where it is determined whether that instruction is a branch 
instruction. Examples of branch instructions looked for by the prediction logic 90 will be 
discussed in more detail later with reference to Figures 3A to 3F. However, in general 

20 terms, the detection of a branch instruction is determined by comparing the values of 
predetermined bits of the instruction with the values of those bits for known branch 
instructions. If at step 350 a branch instruction is not detected, then the process proceeds 
to step 360 where any other specified predictions can be performed. In preferred 
embodiments, the prediction logic 90 is solely a branch prediction logic unit, and will not 

25 paform any other specified predictions. However, it will be appreciated by those skilled 
in the art that the prediction logic 90 could be extended to perform other predictions as 
well as branch predictions, such other predictions occurring at step 360. 

Assuming a branch is detected at step 350, it is then determined at step 370 
whether tiie branch is unconditional. In preferred embodiments, certain types of branch 

30 insfruction are by definition unconditional, whilst others may have condition bits set to 
specify one or more conditions that are required to exist at the time the branch instruction 
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is executed if the branch is to be taken. For any unconditional branch instructions, or 
conditional branch instructions that do not have any condition bits set, the process 
proceeds from step 370 to step 400, where the prediction logic 90 predicts that the branch 
will be taken. 

From step 400, the process then proceeds to step 430, where it is determined 
whether the instruction set will change as a result of the branch. As will be discussed 
later with reference to Figures 3 A to 3 F, in preferred embodiments some types of branch 
instruction are such that the instruction set will always change if the branch is taken, and 
accordingly in such situations the process will flow automatically from step 430 to step 
440, resulting in the T bit being changed to reflect the new instruction set. As mentioned 
earlier, in preferred embodiments the T bit is set to one to denote a Thumb instruction, 
and to zero to denote an ARM instruction. Other branch instructions are of a type where 
data identifying the instruction set that will be appUcable following the branch is 
specified within the instruction. More particularly, in preferred embodiments, such 
branch instructions will specify a register which contains information identifying the 
instruction set applicable if the branch is taken. If that information indicates the 
instruction set will be changed, then the process proceeds from step 430 to step 440 to 
cause the T bit signal to be changed (and a corresponding T-bit signal to be issued by the 
prediction logic 90 to the T-bit register 110). Otherwise the process proceeds from step 
430 to step 420 where no change of the T bit is made, hi preferred embodiments, 
althou^ the value of the T-bit is unchanged, a T-bit signal is still issued by the 
prediction logic 90 to the T-bit register 1 10 so that a separate T-bit value is stored within 
the T-bit register for each instruction in the instruction buffer. 

Returning to step 370, if the branch instruction is not unconditional, the process 
proceeds to step 380, where a predetermined prediction scheme is applied to determine 
whether to predict the branch as taken. As will be appreciated, there are many known 
prediction schemes which could be used, and hence they will not be discussed in detail 
herein. However, an example of a simple branch prediction scheme that may be used in 
embodiments of the present invention is: backwards conditional branches (i.e. 
branches that point to an instruction with a lower address) are predicted as taken, 
forward conditional branches (i.e. branches that point to an instruction with a higher 
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address) are predicted as not taken. This generally works as there are many loops with 
the branch back to the beginning of the loop at the bottom of the loop. 

The process then proceeds to step 390, where it is determined whether the 
prediction indicates that the branch will be taken. If it is predicted at that step that the 
5 branch will not be taken, tiien the process proceeds to step 410 where the prediction logic 
90 issues as the predict signal over path 75 a signal indicating that the branch is predicted 
as not taken. Then the process proceeds to step 420, where no change of the T bit is 

O made, since in preferred embodiments Ihe instruction set will only change following a 

PI 

branch. 

^ t 10 If at step 390 it is determined that the branch will be taken, the process proceeds 

'H to stop 400, where the earlier described steps are performed. 

s As will be appreciated from Figure 2, an analogous sequence of steps is also 

J?5 performed by the prediction logic 90 if at step 340 it is determined that the instruction is 

2 not an ARM instruction, and is accordingly a Thumb instruction. The steps 355, 375, 

Q ] 5 385, 395 and 415 perform the equivalent functions for Thumb instructions as steps 350, 

' 370, 380, 390 and 410, respectively, perform m relation to ARM instructions. They are 

drawn separately in Figure 2 since the actual processing performed will differ. For 
example, ARM branch mstructions have a different format to Thumb branch instructions, 
and accordingly the comparisors required at step 355 to determine whether a Thumb 
20 instruction is a branch instruction will differ to the comparisons that need to be 
performed at step 350 for ARM instructions. Similarly, the prediction schemes used at 
step 385 for Thumb branch instructions may differ to the prediction schemes employed at 
step 380 for ARM branch instructions. 

As will be appreciated by those skilled in the art, \vh.en the process completes any 
25 of steps 320, 360, 420 or 440, the process automatically returns to step 300, where the 
prediction logic 90 awaits receipt by the instruction buffer 100 of a new instruction. 

Figures 3A to 3F illustrate the format of certain branch instiiictions that the 
prediction logic 90 is arranged to detect and perform prediction on. Figures 3A to 3C 
illustrate three types of ARM branch instructions, whilst Figures 3D to 3F illustrate 
30 corresponding versions of Thumb branch instructions. As can be seen from the figures, 
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the ARM branch instructions are 32-bit instructions, whilst the Thumb branch 
instructions are 16-bit instructions. 

Looking at Figure 3A, this illustrates a form of an ARM BLX (Branch with Link 
and Exchange) instruction (referred to as BLX(1)), which is used to call a Thumb sub- 
routine from the ARM instruction set at an address specijBed within the instruction. This 
instruction is unconditional, and accordingly always causes a change in program flow, 
and preserves the address of the instruction following the branch in a link register (as 
discussed earlier with reference to Figure 1, this link register is preferably register R14 of 
the register bank 130). Execution of the Thumb instructions begins at the target address, 
which is derived from the address specified in the BLX instruction as follows: 

1 . Sign-extending the 24-bit signed (two's complement) immediate to 32 bits 

2. Shifting the result left two bits 

3 . Setting bit[ 1 ] of the result of step 2 to the H bit 

4. Adding the result of step 3 to the contents of the PC, which identifies the address 
of the branch instruction. 

The instruction can therefore in preferred embodiments specify a branch of 
approximately ±32MB. 

As was discussed earlier with reference to Figure 1, this target address will be 
stored within the program counter register 60 as the new program counter. Additionally, 
smce the branch instruction is unconditional, and will always result in a change in 
instruction set, the T bit signal is updated to a logic one value to indicate that the next 
instruction will be a Thumb instruction. Further, as mentioned earlier, register R14 will 
be updated to store the address of the instruction following the BLX instruction. 

The prediction logic 90 detects the presence of the ARM BLX (1) instruction by 
looking at bits 25 to 3 1 of the instruction which will, as illustrated in Figure 3A, have the 
value "1 1 1 1 101" in preferred embodiments if the instruction is indeed an ARM BLX (1) 
instruction. 

Figure 3B illustrates another form of ARM BLX instruction (referred to as BLX 
(2)) which is used to call an ARM or a Thumb sub-routine from the ARM instruction set, 
at an address specified in a register. In particular, the branch target address is the value 
stored in register Rm, with its bit [0] being forced to zero. Register Km is identiiied by 
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bits 0 to 3 of the BLX(2) instmcticn. Further, the instruction set to be used at the branch 
target address is specified by bit [0] of Rm. Accordingly, if bit [0] is one, this indicates 
that the instruction set at the branch target address will be Thumb, whereas if instead it 
has a value of zero, this indicates that the instruction set at the branch target address will 
be ARM. As with the ARM BLX (1) instruction, the address of the instruction following 
the branch is stored in the register R14 to enable the process to return to that instruction 
once the sub-routine has been completed. 

The prediction logic 90 is arranged to review bits 4 to 7 and 20 to 27 of a 
candidate branch instruction to determine whether that instruction is indeed a BLX (2) 
instruction, in which event those bits will be as shown in Figure 3B, i.e. "0011" and 
"00010010", respectively. Further, bits 28 to 31 specify conditions that are required to 
exist in order for the branch to be taken. As will be appreciated by those skilled in the 
art, there are many different conditions which can be set. Furthermore, these four bits 
can be set to an "always" condition code, which indicates that the branch is in fact 
unconditional. As illtistrated in Figure 3B, in preferred embodiments bits 8 to 19 should 
be one for a BLX (2) instruction. 

Figure 3C illustrates an ARM BX (Branch and Exchange) instruction which is 
used to branch to an address held in a register Rm, with an optional switch to Thumb 
execution. As with the BLX (2) instruction, the branch target address is the value of 
register Rm with its bit [0] forced to zero, and the instruction set to be used at the branch 
target address is specified by bit [0] of register Rm. Again, the prediction logic 90 will 
look at bits 4 to 7 and 20 to 27 of a candidate branch instruction, which will have the 
values "0001" and "00010010", respectively, if the instruction is indeed an ARM BX 
instruction. As with the ARM BLX (2) instiniction, bits 0 to 3 identify register Rm, bits 
28 to 3 1 specify condition codes, and bits 8 to 1 9 should be one. 

Figure 3D illustrates a Thumb BL (Branch with Link) or a form of the Thumb 
BLX (Branch with Link and Exchange) instruction. The BL instruction provides an 
unconditional sub-routine call to another Thumb routine. The return fi:om tiie sub- 
routine is typically performed by either making the contents of the register R14 the new 
program counter, or by branching to the address specified in register R14, or by 
executing an instruction to specifically load a new program counter vdue. 
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The BLX (1) form of the Thumb BLX instruction provides an unconditional sub- 
routine call to an ARM routine. Again, the return from the sub-routine is typically 
performed by executing a branch instruction to branch to the address specified in register 
R14, or by executing a load instruction to load in a new program counter value. 
5 To allow for a reasonably large offset to the target subroutine, each of these two 

instructions is automatically translated by the assembler into a sequence of two 16-bit 
Thumb instruction, as follows: 

• The first Thumb instruction has H = 10 and supplies the high part of tiie 
branch offset. This instruction sets up for the subroutine call and is shared 

1 0 between the BL and BLX forms. 

• The second Thumb instruction has H = 1 1 (for BL) or H = 01 (for BLX). 
It suppHes tiie low part of the branch oflfeet and causes the subroutine call to 
take place. 

The target address for the branch is in preferred embodiments calculated as 
1 5 follows: 

1 . Shifting the offset! 1 field of the first instruction left twelve bits. 

2. Sign-extending the result to 32 bits. 

3. Adding this to the contents of the PC (which identifies the address of the 
first instruction). 

20 4. Adding twice the offset_l 1 field of the second instruction. For BLX, the 

resulting address is forced to be word-aligned by clearing bit[l]. 
The instruction can therefore in preferred embodiments specify a branch of 
approximately ±4MB. 

Accordingly, if the prediction logic 90 reviews bits 11 to 15 of a candidate 
25 Thumb branch instruction, and determines that bits 13 to 1 5 are "1 1 1" whilst bits 1 1 and 
12 are "10" then the prediction logic 90 will conclude that this is the first of two 
instructions specifying the branch. If when reviewing the next instruction, it is 
determined that bits 13 to 15 are "lH"and bits 11 and 12 are "11" then the prediction 
logic 90 will determine that a Thumb BL instruction is present, whereas if it is 
30 determined that bits 13 to 15 are "111" and bits 11 and 12 of the next instruction are 
"01", the prediction logic 90 will determine that a Thumb BLX (1) instoiction is present. 
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In the latter case, in addition to calculating tiie target address as indicated above, the 
prediction logic 90 will also set the T bit to zero to indicate that the next instruction will 
be an ARM instruction. In addition, the return address specifying the Thumb instruction 
to follow execution of the ARM routine will be stored in register RI4. 

Figure 3E illustrates another form of the Thumb BLX instruction (referred to as 
BLX(2)) that is used to call an ARM or a Thumb sub-routine from the Thumb instruction 
set, at an address specified in a register. Unlike the ARM BLX (2) instruction, this 
branch instruction is unconditional. The prediction logic 90 will recognise the presence 
of the Thumb BLX (2) instruction by reviewing bits 7 to 15 of a candidate instruction, 
which will have the value "010001111" if that instruction is indeed a Thvimb BLX (2) 
instruction. When such an instruction occurs, the prediction logic 90 will update the T 
bit flag to the value specified by bit [0] of register Rm. Accordingly, if that bit has a 
value of zero, this indicates that the instruction at the target address is an ARM 
instruction, whereas if it has a value of one, this indicates tiiat the instruction at the target 
address is a Thumb instruction. In preferred embodiments, the register that contains the 
branch target address can be any of registers RO to R14 of the register bank 130, with the 
register niimber being encoded in the instruction in H2 (most significant bit) and Rm 
(remaining three bits). Bits 0 to 2 of the Thumb BLX (2) instruction should be zero. 

Figure 3F illustrates the Thumb BX (Branch and Exchange) instruction, which is 
used to branch between Thumb code and ARM code. It will be seen from a comparison 
of Figures 3E and 3F that this instruction has a similar form to the Thumb BLX (2) 
instruction. However, for the BX instruction, bit 7 is set to zero, and accordingly the 
prediction logic 90 will recognise a Thumb BX instruction if bits 15 to 7 of the 
instruction have the value "010001 1 10". As with the Thumb BLX (2) instruction, tiie 
prediction logic 90 will set tiie T bit to the value stored in bit [0] of Rm. Further, the 
register that contains the branch target address can be any of register RO to R15, with the 
register number being encoded in the instruction in H2 (most significant bit) and Rm 
(remaining three bits). Bits 2 to 0 of the instruction shoxild be zero. 

As is apparent from the above description of an embodiment of the present 
invention, the prediction logic is used not only to predict whether execution of a 
prefetched instinction will cause a change in instruction flow (for example a branch), but 
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also whether such a change in instruction flow will cause a change in instruction set. If a 
change in instruction set is detected, then the prediction logic 90 is arranged to change 
the value of a T bit flag that is then associated with each instruction passed firom the 
prefetch unit to the processor core to enable the instruction to automatically be routed to 
5 the appropriate decoder. This provides a particularly efRcient technique for switching 
between instruction sets in a data processing apparatus that supports execution of 
instructions from multiple instruction sets. 

Although a particular embodiment of the invention has been described herein, it 
will be apparent that the invention is not limited thereto, and thst many modifications and 
10 additions may be made within the scope of the invention. For example, various 
combinations of tiie features of the following dependent claims could be made with the 
features of the independent claims without departing from the scope of the present 
invention. 



